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ABSTRACT

In this work, we introduce a molecular design strategy to construct nitrogen-rich, m-conjugated, redox-
active polymer networks using perylene-3,4,9,10-tetracarboxylic dianhydride as a multifunctional cross-
linker for branched polyethyleneimine (PEI) for the first time. Two novel PEI-perylene networks, PEI-
3 and PEI-5, were synthesised through imidization between the anhydride groups of the perylene
precursor and the amine functionalities of PEI with molecular weights of 60 kDa and 25 kDa,
respectively. The resulting insoluble networks combine PEI-derived nitrogen-rich domains with redox-
active perylene imide/carbonyl units and m—m interacting conjugated segments. Structural, optical,
morphological, thermal, and electrochemical properties were investigated using 'H NMR, FTIR, Raman,
UV-visible and fluorescence spectroscopy, SEM, EDX, XPS, TEM, and TGA analyses. Spectroscopic
results confirmed perylene incorporation and imide-linked network formation, while optical studies
revealed characteristic perylene-based absorption/emission features and aggregation-related
photophysical behavior. Electrochemical measurements showed that polymer architecture strongly
influences charge-storage behavior. PEI-3 exhibited higher specific capacitance and better capacitance
retention than PEI-5, retaining approximately 83% of its initial capacitance after 3000 charge—discharge
cycles, whereas PEI-5 showed lower capacitance but a more compact network architecture and enhanced
thermal robustness. A PEI-3 symmetric supercapacitor device further delivered a specific capacitance
of 107 F g7t at 1 A g™, a maximum energy density of 43 Wh kg™ at a power density of 850.7 W kg™,
and 81% capacitance retention after 4000 cycles. These findings establish perylene dianhydride cross-
linking as a promising route to metal-free, redox-active organic electrode materials for advanced
supercapacitors.

KEYWORDS
Perylene-crosslinked polyethylenimine - Photophysical properties - Electrochemical performance -
Supercapacitor materials - Energy storage
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1. Introduction DOI: 10.1039/D6MA00426A

The challenges posed by climate change and the growing global demand for energy have
intensified the need for cleaner and more sustainable energy technologies [1]. As the transition
away from fossil fuels accelerates, the integration of renewable energy sources such as solar
and wind into modern energy systems has become increasingly important [2,3]. However, the
intermittent nature of these renewable resources requires efficient and reliable energy storage
technologies, positioning electrochemical energy storage devices as key components of
sustainable energy infrastructures. In parallel, the rapid expansion of portable electronics,
electric vehicles, wearable devices, and smart-grid technologies has increased demand for high-
power, long-life energy storage systems. Recent market analyses estimate that the global
supercapacitor market was valued at approximately USD 2.9 billion in 2024 and is projected to
reach around USD 15.3 billion by 2034, highlighting the growing commercial relevance of fast
and durable energy storage technologies [4].

Among electrochemical energy storage devices, supercapacitors have attracted considerable
attention owing to their high power density, long cycle life, rapid charge—discharge capability,
and excellent operational stability [5—10]. Nevertheless, their relatively low energy density
compared with batteries remains a major limitation. Consequently, significant research efforts
have focused on improving electrode materials by introducing pseudocapacitive behaviour via
fast, reversible Faradaic processes [11-13]. In the broader field of advanced nanomaterials and
sustainable technologies, several material classes, including defect-engineered metal oxides,
heterostructured nanosystems, MXenes, metal sulfide photocatalysts, and green nanoscale
semiconductors, have demonstrated the importance of controlling composition, dimensionality,
defects, heterointerfaces, and charge-transfer pathways for energy conversion, energy storage,
and environmental applications [14—17]. These developments show that nanoscale structural
engineering can significantly improve charge transport, ion accessibility, and interfacial
reactivity. However, many inorganic nanomaterial-based systems may face challenges related
to metal resource dependence, processing complexity, aggregation or restacking, long-term
stability, and scalable integration into lightweight, flexible electrode architectures. Therefore,
there remains a clear materials gap for redox-active, structurally tunable, metal-free or low-
metal-content polymeric systems that combine ion accessibility with electronically active

charge-transport pathways.
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Heteroatom-containing organic materials and m-conjugated frameworks have emergedh ag oo

promising alternatives because they can provide redox-active sites, improve interfacial
wettability, and facilitate charge transport within electrode architectures [18-21]. Perylene-
based compounds, particularly N,N'-substituted perylene-3,4,9,10-tetracarboxylic diimides, are
well-known m-conjugated systems that have been widely explored in optoelectronic and energy-
related applications [22-27]. Their extended n-conjugation, high electron affinity,
photochemical stability, and reversible redox behaviour make them attractive building blocks
for electrochemical energy storage systems [28—-34]. Related perylene-containing molecular
and polymeric systems have also been investigated for their photophysical behaviour, charge-
transfer processes, and functional materials properties, providing an important foundation for
the design of perylene-based polymer networks [35-38]. In addition, the rigid aromatic perylene
core can promote m—m interactions and electronic communication, which are important for
charge transport and redox activity in conjugated electrode materials.

Several perylene/PDI-based electrode architectures, including PDI-carbon composites, PDI-
based polymer films, and symmetric or asymmetric supercapacitor systems, have recently been
reported for electrochemical energy storage [24-34,41-44]. These studies demonstrate the
potential of perylene-based redox-active units in energy-storage electrodes. However, many
molecular perylene/PDI-based systems may suffer from aggregation, limited ion accessibility,
insufficient electrode integrity, and possible detachment or dissolution during cycling.
Therefore, the covalent integration of perylene units into stable polymer networks represents a
novel and promising strategy for improving structural robustness while preserving redox and -
conjugated functionality.

Polyethyleneimine (PEI) is a nitrogen-rich polymer containing primary, secondary, and
tertiary amine groups, which provide high reactivity and strong interactions with charged or
polar species [39,40]. Owing to its structural versatility and high functional group density, PEI
has been widely used in adsorption, surface modification, and functional polymer design. From
a materials-design perspective, PEI offers several advantages for energy-storage electrodes,
including abundant nitrogen-containing sites, chemical reactivity toward anhydrides, and the
ability to form cross-linked networks. However, pristine PEI lacks an extended n-conjugated
backbone and has limited electronic conductivity, restricting its use as an efficient standalone
supercapacitor electrode material. Therefore, integrating PEI with electronically active m-
conjugated units is required to improve charge transport, redox functionality, and electrode

stability.
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To the best of our knowledge, the use of perylene-3,4,9,10-tetracarboxylic diaphydridess "o

A00426A

(PTCDA) as a m-conjugated cross-linking agent for PEI-based polymer networks has not yet
been reported. The introduction of this perylene dianhydride unit, therefore, represents a new
molecular design strategy that combines the nitrogen-rich, structurally versatile PEI framework
with the redox-active, photophysically functional perylene core. Compared with conventional
inorganic nanomaterials such as metal oxides, sulfides, and MXenes, the present PEI-perylene
networks offer a metal-free organic platform in which molecular structure, cross-link density,
ion accessibility, m—m interactions, and redox-active imide/carbonyl units can be tuned through
chemical design. This approach addresses the research gap between highly conductive inorganic
nanostructures and processable redox-active organic polymer networks for supercapacitor
applications.

In this study, we report the synthesis of novel perylene-3,4,9,10-tetracarboxylic dianhydride-
cross-linked polyethyleneimine polymer networks using branched PEI precursors with
molecular weights of 60 kDa and 25 kDa. In the present design, perylene dianhydride functions
as a multifunctional m-conjugated cross-linker that covalently converts branched PEI into
insoluble, nitrogen-rich, and electroactive polymer networks. The resulting architecture
integrates redox-active perylene imide units, n—x interactions, PEI-derived nitrogen-containing
domains, and improved structural integrity. From a practical perspective, the solution-
processable synthesis and simple electrode fabrication route provide an initial basis for scalable
preparation and reproducible electrode construction. At the same time, the cycling and rate-
performance analyses offer preliminary insight into operational stability. The electrochemical
performance is further benchmarked against reported perylene/PDI-based supercapacitor
systems and compared with conventional carbon-based electrode materials. Overall, this work
establishes a structure—property—performance relationship between n-conjugated cross-linking,
polymer network morphology, aggregation behaviour, and electrochemical charge storage,
providing new insight into the design of functional organic polymer networks for advanced

energy-storage systems.
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Fig. 1 Proposed structures of the perylene-cross-linked polyethyleneimine networks PEI-3 and PEI-
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2. Experimental section DOI: 10.1033%2&%02%/?

2.1. Materials and characterisation

Perylene-3,4,9,10-tetracarboxylic dianhydride (1), branched polyethyleneimines (PEI
average molecular weights of 60 kDa (2) and 25 kDa (4)), m-cresol, and isoquinoline were
purchased from Sigma-Aldrich and used as received unless otherwise stated. Before use, m-
cresol and isoquinoline were dried over activated 4 A molecular sieves to remove residual
moisture. All solvents employed were of spectroscopic grade.

'H NMR spectra were recorded on a Bruker spectrometer operating at 400 MHz
using deuterated dimethyl sulfoxide ((CD3),SO) as the solvent and tetramethylsilane (TMS)
as the internal reference. Fourier-transform infrared (FT-IR) spectra were obtained using a
JASCO FT/IR-6200 spectrometer in the range of 500-4000 cm™ with a resolution of 4 cm™.
X-ray photoelectron spectroscopy (XPS) experiments were carried out (Physical Electronics
(PHI), Versa Probe 5000) using a Physical Electronics (PHI) Versa Probe 5000 analyzer. The
X-ray spot size was carefully calibrated to 100 um to guarantee accurate measurements. A
monochromatic Al Ko X-ray source was employed, functioning at an energy output of 48.3
W. Measurements were performed at a pass energy of 23.50 eV, with an energy-step
resolution of 0.1 eV and a dwell time of 200 ms for each measurement. Calibration was carried
out using Ag, Au, and Cu standards. Ultraviolet—visible (UV—vis) absorption spectra were
recorded on a Varian Caryl00 spectrophotometer at room temperature, while fluorescence
emission spectra were obtained using a Varian Cary Eclipse fluorescence spectrophotometer.
Fluorescence quantum yields (®y) were determined according to previously reported methods
[35-38]. Thermogravimetric analysis (TGA) was performed on a PerkinElmer instrument
under a nitrogen atmosphere at a heating rate of 10 °C min™'. Morphological analysis
was performed using scanning electron microscopy (SEM, JEOL JSM-7100F), and X-ray
diffraction (XRD) patterns were recorded on a PANalytical Empyrean diffractometer.

2.2. Electrode preparation and supercapacitor measurements

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were performed
to evaluate supercapacitor performance at different scan rates and current densities. Measurements
were conducted over the potential ranges 0.0-1.0 V for the three-electrode system and 0.0-1.7 V for
the symmetrical device. Electrochemical impedance spectroscopy (EIS) measurements were

performed in the frequency range of 1 MHz to 100 MHz at open-circuit potential. For active electrode
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preparation, PEI-3 or PEI-5 polymer was mixed with PVDF-HFP binder in acetong tq obféin 4 o0
homogeneous slurry. The resulting slurry was evenly coated onto a graphite substrate and dried at
60 °C for 1 h to remove any remaining solvent. The active material loading on the electrode was
adjusted to approximately 2 mg/cm?. In the symmetrical device architecture, a paper separator
moistened with 1 M H,SO,4 was placed between the electrodes. After surface contact was established,
the system was gently pressed and used directly in electrochemical measurements. All electrode
fabrication parameters, including slurry composition, coating area, active material loading, and
drying conditions, were carefully controlled to ensure reproducibility. In addition, multiple electrodes
prepared under identical conditions exhibited consistent electrochemical behavior.

Capacitance values were calculated considering the mass of the coated active material and the
geometric surface area of the electrodes. Specific capacitance (Cp,, F g1) was obtained from GCD
curves using the standard capacitance calculation equation. The capacitive contributions of the
electrodes were evaluated using the Dunn method. In addition, the energy and power density of the
device were calculated using the following equations.

Supercapacitor system, the mass-specific capacity is calculated according to the GCD

curve using the following equations:

Cm=Ixt/mxAV (1)

where C,, is the gravimetric capacitance, m is the mass of active material (2 mg), I is the
discharging current (A), t is the discharging time (s) and AV is the potential window.

Electrode kinetic analysis is performed by the following equation:

i = Kkqv + kov12 (2)

iv12 = kqv12 + ks 3)

Where 1 is absolute value of peak current density (A g-1), and v is the scan rate (mV s-1).

The following equations calculate the energy density and power density of the SC:

E=CmnXAV2/7.2 (4)
P =E x 3600/t (5)

Where E is the energy density, and P is the power density, Coulombic efficiency has been

calculated as follows:

n=td/tc (6)
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Herein, tq is the discharge time, and t. is the charge time.
To further investigate the charge-storage kinetics, the b-value was determined according to

the following power-law equation:

i=awb (7)

log(i)=blog(v)+log(a) (8)

Where 1 is the current response, v is the scan rate, and a and b are adjustable parameter.
2.3. Synthesis
2.3.1. Synthesis of perylene cross-linked 60 kDa polyethyleneimine (PEI-3)

In this synthesis, we have used a branched 60 kDa (average M, ~ 60 000 by GPC, branched)
polyethyleneimine from Sigma Aldrich (2, 0.543 g, 1.02 mmol) and perylene-3, 4, 9,
10-tetracarboxylic acid dianhydride (1, 0.4 g, 1.02 mmol) were dissolved entirely in a well-
dried solvent mixture (2 mL isoquinoline and 20 mL m-cresol) under an inert atmosphere. The
resulting red reaction mixture was heated to 120 °C for 4 hours, then to 160 °C for an additional
6 hours to facilitate the desired chemical transformation.

The cross-linking of polyethyleneimine (PEI) can be effectively monitored by Fourier
Transform Infrared (FT-IR) spectroscopy, where a shift from characteristic anhydride to imide
bands is observed, indicating successful cross-linking (Fig. S2). The resultant cross-linked
polymer exhibited a notable colour transition from red to deep purple, serving as a visual
indicator of the reaction's progress. Upon reaching ambient temperature, the reaction mixture
was slowly added to 300 mL of cold acetone, facilitating the precipitation of the cross-linked
polymer. The precipitate was subsequently isolated by vacuum filtration. To remove unreacted
monomers and residual high-boiling solvents, a Soxhlet extraction was performed for 48 hours
with ethyl acetate. The solid product was dried in a vacuum oven at 100 °C under reduced
pressure. Perylene cross-linked 60 kDa polyethyleneimine was obtained as a bordeaux powder
(0.613 g, 65% yield).

FTIR (Fig. S2, KBr, thin film, cm™): 3381 (amine N—H stretch), 2936 and 2828 (aliphatic
C—H stretch), 1689 and 1649 (imide C=0 stretch), 1592 (aromatic C=C stretch), 1438 and 1344
(imide C-N stretch), 809, 748 and 654 (aromatic C-H bend). UV-Vis (Fig. 3, DMF) (Amax /
nm): 460, 489, 524. Fluorescence (DMF) (A, / nm): 537, 575, 628. 'H NMR, (PEI-3, Figs.
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252 S1 and S5, 8y ppm, 400 MHz, DMSO-d6): 8.01(s, 8H, H-C(25), H-C(26), H-C(29), H-C{30)s o
253 H-C(31), H-C(32), H-C(35), H-C(36)), 3.36 (s, 96H, H-C(1), H-C(1°), H-C(2), H-C(2), H-

254 C(3), H-C(3*), H-C(4), H-C(4*), H-C(5), H-C(5"), H-C(6), H-C(6"), H-C(7), H-C(7’), H-C(8),

255 H-C(8’), H-C(9), H-C(9), H-C(10), H-C(10°), H-C(11), H-C(11*), H-C(12), H-C(12*), H-

256 C(13), H-C(13°), H-C(14), H-C(14), H-C(15), H-C(15°), H-C(16), H-C(16’), H-C(17), H-

257 C(17°), H-C(18), H-C(18"), H-C(19), H-C(19*), H-C(20), H-C(20°), H-C(21), H C(21"), H-

258 C(22), H-C(22’), H-C(23), H-C(23°), H-C(24),H-C(24").

259 'TH NMR of PEI (60 kDA, 2), (Figs. S1 and S4, 6y ppm, 400 MHz, DMSO-d6): 3.16, 2.96
260 (b, NH; protons of PEI), 2.40-2.51 (b, CH, protons of PEI).
261

262 2.3.2. Synthesis of perylene-crosslinked 25 kDa polyethyleneimine (PEI-5)
263
264  In this experiment, we used a branched 25 kDa polyethyleneimine (average molecular weight

265  25,000) sourced from Sigma-Aldrich (St. Louis, MO). A total of 0.162 g (4, 1.02 mmol) of
266  polyethyleneimine and 0.4 g (1, 1.02 mmol) of perylene-3,4,9,10-tetracarboxylic acid
267  dianhydride were introduced into a dry solvent mixture consisting of 2 mL isoquinoline and 20
268  mL m-cresol, all under an inert atmosphere to prevent moisture and oxidative degradation. The
269  reaction mixture was heated to 120 °C for 4 hours to promote the initial reaction phase, then
270  raised to 160 °C for an additional 6 hours to complete the reaction. This stepwise increase in

271  temperature facilitates optimal reaction kinetics and ensures efficient formation of the desired

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

272 polymeric structure. Similar to the synthesis with 60 kDa PEI (PEI-3), we have observed a

273 color change from red to deep purple. The end of the cross-linking reaction was monitored using
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274  FT-IR spectroscopy. After the reaction was complete, the mixture was cooled to room

275  temperature and then poured into 300 mL of cold ethyl acetate. The precipitate was collected by

(cc)

276  vacuum filtration. The unreacted reactants and high-boiling solvents were removed using ethyl
277  acetate in a Soxhlet extraction for 2 days. The solid product was dried in a vacuum oven at
278 100 °C under reduced pressure. Perylene cross-linked 25 kDa polyethyleneimine, PEI-5, was
279  obtained as a dark purple powder (0.506 g, 90 % yield).

280 Following the methodology established with 60 kDa polyethyleneimine (PEI), we observed
281  a notable colour transition from red to deep purple during synthesis. The progression and
282  completion of the cross-linking reaction were assessed through Fourier Transform
283  Infrared (FT-IR) spectroscopy. Once the reaction had reached completion, the mixture was
284  cooled to ambient temperature before being diluted with 300 mL of cold ethyl acetate, which

285  facilitated precipitate formation. The precipitate was subsequently collected by vacuum
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filtration. To eliminate unreacted starting materials and residual high-boiling solvents, a Soxhlet:
extraction was performed for 48 hours using ethyl acetate. The resulting solid product was dried
in a vacuum oven at 100 °C under reduced pressure, yielding a perylene-cross-linked 25 kDa
polyethyleneimine as a dark purple powder weighing 0.506 g, corresponding to a 90% yield.

FTIR (Fig. S3, KBr, thin film, cm™): 3373 (amine N-H stretch), 2932 and 2824 (aliphatic
C-H stretch), 1689 and 1649 (imide C=0 stretch), 1592 (aromatic C=C stretch), 1438 and 1344
(imide C-N stretch), 809, 744 and 651 (aromatic C-H bend). UV-Vis (Fig. 3, DMF) (Amax / nm):
460, 489, 524. Fluorescence (DMF) (Amax / nm): 536, 575, 631. 'H NMR, (Figs. S1 and S7,
on ppm, 400 MHz, DMSO-d6,): 8.00 (s, 8H, H-C(7), H-C(8), H-C(11), H-C(12), H-C(13), H-
C(14), H-C(17), H-C(18)), 3.36-3.48 (d, 24H, H-C(1), H-C(1’), H-C(2), H-C(2"), H-C(3), H-
C(3’), H-C(4), H- C(4’), H-C(5), H-C(5), H-C(6), H-C(6").

'TH NMR of PEI (25 kDA, 4), (Figs. S1 and S6, H ppm, 400 MHz, DMSO-d6): 2.55, 2.47
(b, and NH2 protons of PEI), 1.84 (b, CH2 protons of PEI).

3. Results and discussion
3.1. Synthesis and characterisation of PEI-3 and PEI-5

Two branched, cross-linked polyethyleneimine (PEI) networks (PEI-3 and PEI-5)
were successfully synthesised via an imidization reaction using perylene-3,4,9,10
tetracarboxylic dianhydride as a m-conjugated cross-linking agent. To the best of our
knowledge, this is the first report of the use of perylene-3,4,9,10-tetracarboxylic dianhydride
as a crosslinker in polyethyleneimine-based polymer networks. The two PEI precursors
employed in this study possess significantly different molecular weights (60 kDa and 25
kDa), which are expected to influence the resulting network structure, cross-linking density,
and ultimately their physicochemical and electrochemical properties.

The imidization reaction proceeds via nucleophilic attack by the primary amine groups of
polyethyleneimine on the carbonyl centres of the perylene dianhydride, forming imide linkages
with the elimination of water. The successful formation of the cross-linked networks was
confirmed by FT-IR spectroscopy, which shows the complete disappearance of the
characteristic anhydride absorption band at 1773 cm™ and the emergence of imide-related
bands (Fig. S2 and S3). To remove unreacted monomers and residual high-boiling solvents,
the crude products were Soxhlet-extracted, yielding purified cross-linked polymer networks.

The formation of the cross-linked polyethyleneimine (PEI) architectures (PEI-3 and PEI-5)
was confirmed by Fourier-transform infrared (FT-IR) spectroscopy, XPS and '"H NMR analysis

10
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321 (Figs. 2 SI-S7). The proposed network structures arise from imidization reactions hetweert thes s "0
322 primary amine groups of PEI and the anhydride functionalities of the perylene cross-linker. The
323  presence of primary amines along extended chains is expected to facilitate cross-linking by
324  reducing steric hindrance, although alternative cross-linking sites cannot be ruled out.

325 FT-IR spectra clearly indicate the successful conversion of the dianhydride into imide
326  structures, as evidenced by the disappearance of the characteristic anhydride band and
327  the appearance of imide-related absorptions, confirming effective cross-linking.

328 The solubility of PEI-3 and PEI-5 was systematically evaluated in a range of organic solvents
329 (Table S1 and Fig. S8). Both materials exhibit limited solubility in common polar aprotic
330  solvents such as DMF, DMAc, NMP, and DMSO, consistent with their cross-linked network
331  structures. The materials exhibit a characteristic bordeaux colour under ambient light and
332 fluorescence under UV irradiation (365 nm), indicating the presence of perylene-based

333 chromophores. A summary of the solubility behaviour and optical properties is provided in

334  Tables 1 and S1-3.
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338  Fig. 2 The high-resolution XPS core-level spectra of (a) PEI-3 and (b) PEI-5, showing the C
339 1s, N 1s, and O 1s signals associated with the carbon-, nitrogen-, and oxygen-containing
340  functionalities of the PEI-perylene polymer networks.

341

342 FT-IR spectroscopy was employed to confirm the formation of cross-linked

343 polyethyleneimine (PEI) networks (PEI-3 and PEI-5) through imidization with perylene-

344 3,4,9,10-tetracarboxylic dianhydride. The spectra of the starting materials and products are
345  shown in Figs. S2 and S3. The FT-IR spectrum of perylene dianhydride exhibits characteristic
346  absorption bands of the anhydride functional group, including strong C=O stretching at
347 1773 cm™', aromatic C=C stretching at 1595 cm™, and C—O—C stretching at 1023 cm™ (Fig.
348  S2a). In contrast, the spectra of branched polyethyleneimines (60 kDa and 25 kDa) display

11
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350 in the range of 29602845 cm™', N-H bending near 1657 cm™, and C—N stretching bands
351 between 1316 and 1100 cm™ (Figs. S2b and S3b). Following cross linking, significant
352 spectral changes are observed, confirming successful imidization. In particular, the
353  disappearance of the characteristic anhydride bands at 1773 and 1023 cm™, together with the
354  appearance of imide-related absorptions at approximately 1689 and 1649 cm™, provides clear
355  evidence for the formation of imide linkages.

356 The FT-IR spectrum of PEI-3 shows N—H stretching at 3381 cm™, aliphatic C—H stretching
357  at 2936 and 2828 cm™!, and prominent imide C=0O bands at 1689 and 1649 cm™, along with
358  aromatic C=C vibrations at 1592 cm™'. Additional C-N stretching bands are observed in the
359  range of 1438—-1272 cm™, while aromatic C—H bending modes associated with the perylene unit
360  appear at 809 and 748 cm™'. A similar spectral evolution is observed for PEI-5 (Fig. S3c¢), further
361  confirming the successful formation of cross-linked polymer networks.

362 The 'H NMR spectra further support the successful incorporation of perylene units into the
363  polyethyleneimine framework and the formation of cross-linked PEI-perylene polymer
364  networks (PEI-3 and PEI-5) (Figs. S4-S7). PEI was readily soluble in D,0O; however, the
365  perylene-containing cross-linked polymers exhibited limited solubility in this solvent.
366  Therefore, DMSO-dg was used as a suitable solvent for NMR analysis of both the starting PEI
367  materials and the cross-linked products.

368 The 'H NMR spectrum of PEI 60 kDa shows broad resonances in the region of 2.40-3.16
369  ppm, assigned to the methylene protons of the branched PEI backbone. In contrast, the
370  NH/NH,-related protons appear within the broad aliphatic envelope (Fig. S4). Similarly, PEI
371 25 kDa exhibits characteristic PEI backbone resonances in the range of 1.84-2.55 ppm,
372 corresponding mainly to CH, protons adjacent to primary, secondary, and tertiary amine
373 environments (Fig. S6). These broad signals are typical of branched PEI, where the different
374  amine environments and polymeric structure lead to overlapping resonances.

375 After cross-linking with perylene-3,4,9,10-tetracarboxylic dianhydride, the spectra of PEI-3
376  and PEI-5 show a new broad aromatic resonance at approximately 8.01 ppm, which is assigned
377  to the aromatic protons of the perylene core (Figs. S5 and S7). The appearance of this signal,
378  which is absent in the starting PEI spectra, provides direct NMR evidence for the incorporation
379  of the perylene unit into the polymer networks. In addition, the PEI backbone signals broaden
380  and shift to broader chemical-shift regions after cross-linking. For PEI-3, the CH; proton signals
381  are observed between 2.34 and 3.36 ppm, whereas for PEI-5 they extend from 1.91 to 3.48 ppm.

12
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382 Compared with the starting PEI materials, these downfield shifts and broadeping  effects e
383  indicate changes in the local electronic environment of the PEI methylene and amine-containing
384  segments, consistent with the formation of imide-linked PEI—perylene networks.

385 The combined appearance of the perylene aromatic proton resonance at ca. 8.01 ppm and
386 the broadening/chemical-shift changes of the PEI backbone signals provide quantitative
387  spectroscopic evidence for the successful incorporation of perylene moieties and the formation
388  of cross-linked polymer networks. These NMR results are in good agreement with the FT-IR
389  data, particularly the disappearance of the anhydride bands and the appearance of imide-related
390  absorptions.

391 In addition, X-ray photoelectron spectroscopy (XPS) core-level measurements were
392  conducted to gain further insights into the elemental composition and surface chemical
393  characteristics of the PEI-3 and PEI-5 polymer networks (Fig. 2). The spectra exhibited distinct
394  C 1s, N 1s, and O 1s signals, confirming the presence of carbon, nitrogen, and oxygen
395  functionalities in both polymer matrices. Notably, the N s signal is particularly significant, as
396  the perylene dianhydride precursor lacks nitrogen, suggesting successful incorporation of
397  polyethylenimine (PEI) into the perylene-based network. Although peak deconvolution was not
398  performed, the N s signal cannot be exclusively attributed to imide nitrogen; it is likely
399  representative of nitrogen environments associated with both PEI-derived amines and imide

400  functionalities. Alongside the Fourier-transform infrared spectroscopy (FTIR) findings—such

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

401  as the vanishing of characteristic anhydride bands at 1773 and 1023 cm™, and the emergence

402  of imide-related absorption peaks—combined with the nuclear magnetic resonance (NMR)

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

403  results, the XPS data robustly corroborate the successful synthesis of imide-linked PEI-
404  perylene polymer networks.
405

(cc)

406  3.2. Optical properties
407
408  The optical properties of the perylene cross-linked polyethyleneimine networks (PEI-3, 60

409  kDa; PEI-5, 25 kDa) were investigated using UV-visible absorption and fluorescence
410  spectroscopy. Both polymers exhibit limited solubility in polar solvents such as DMF, DMAc,
411  NMP, DMSO, and acetic acid; therefore, their optical properties were analysed in these media
412 (Fig. 3, Tables 1, S2 and S3).
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Fig. 3 UV—vis absorption spectra of (a) PEI-3 and (c) PEI-5, and fluorescence emission spectra
of (b) PEI-3 and (d) PEI-5 in different solvents. The emission spectra were recorded upon
excitation at A.,, = 485 nm.

The UV-vis absorption spectra of PEI-3 and PEI-5 exhibit the characteristic vibronic
progression of perylene chromophores, with three main absorption bands assigned to the 0-2,
0-1, and 00 transitions. The preservation of these vibronic bands in different polar solvents
indicates that the perylene chromophore remains the dominant light-absorbing unit in both
polymer networks. However, small variations in the relative vibronic intensities and peak
positions reveal changes in the local aggregation environment of the perylene units. In perylene-
based chromophores, the relative intensities of the 0—0 and 0—1 bands are commonly used as
indicators of excitonic coupling and aggregation. A decrease in the Ao—¢/A¢—1 ratio is generally
associated with stronger H-type aggregation, in which face-to-face n—m interactions attenuate
the 00 transition and promote non-radiative decay pathways. Therefore, the observed changes
in the vibronic profiles of PEI-3 and PEI-5 suggest different degrees of interchromophoric
coupling within the cross-linked networks.

The solvent-dependent absorption and emission spectra further indicate that both polymers

experience moderate solvatochromic effects. Slight bathochromic shifts in polar solvents
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434 suggest stabilization of the excited state relative to the ground state, which is copsistent swithcs 200
435  the presence of polar imide and amine-containing environments in the polymer networks.
436  Nevertheless, the relatively small shifts observed across DMF, DMAc, NMP, DMSO, and
437  AcOH indicate that the photophysical behaviour is governed not only by solvent polarity but
438  also by aggregation, polymer-chain packing, and specific solvent—polymer interactions. In
439  particular, AcOH may influence the spectra by partially protonating amine groups and altering
440  polymer—solvent interactions. In contrast, highly polar aprotic solvents such as DMF, DMAc,
441  NMP, and DMSO mainly affect the solvation and dispersion of the polymer networks.

442 The fluorescence spectra exhibit structured emission bands in the 535-700 nm region,
443  characteristic of perylene-based emissive units. However, the low fluorescence quantum yields
444  observed for both PEI-3 and PEI-5 indicate significant fluorescence quenching. This behaviour
445 is consistent with aggregation-caused quenching commonly observed in perylene
446  diimide/perylene-based systems, where strong n—m interactions facilitate exciton migration and
447  non-radiative relaxation. Thus, the combined UV—vis and fluorescence results suggest that the
448  PEl-perylene networks retain perylene-like optical signatures while displaying aggregation-
449  mediated fluorescence quenching. These aggregation effects are also relevant to the
450  electrochemical behaviour, since m—m interactions between perylene units can enhance
451  electronic communication within the network. In contrast, excessive aggregation may reduce

452  fluorescence and limit the accessibility of some electroactive sites.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

453 The optical results also provide important insight into the electrochemical behaviour of the
454  PEl-perylene polymer networks. The characteristic vibronic absorption bands and the low

455  fluorescence quantum yields indicate strong intermolecular interactions between perylene

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

456  chromophores, leading to aggregation-induced fluorescence quenching. Such aggregation behaviour

(cc)

457  isparticularly relevant for electrochemical performance, because m—m interactions between perylene-
458  imide units can facilitate electronic communication and charge delocalisation within the polymer
459  network. Therefore, the optical signatures of aggregation are directly related to the charge-transport
460  properties of the electrodes. In this context, PEI-5, which shows stronger aggregation-related optical
461  features, is expected to possess a more electronically interconnected perylene framework,
462  contributing to its improved rate capability, lower charge-transfer resistance, and enhanced cycling
463  stability.

464 In contrast, PEI-3 exhibits a higher specific capacitance, attributed mainly to its more open, ion-
465  accessible morphology, which allows more effective electrolyte penetration and the utilisation of
466  redox-active sites. Thus, the optical and electrochemical data together suggest that PEI-3 benefits

467  from morphological accessibility, whereas PEI-5 benefits from stronger m—m interactions and
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electronic connectivity. This correlation explains the balance between capacitance, rate performance. >

and cycling stability in the two PEI-perylene polymer networks. In addition, the polymer solutions
display solvatofluorochromism, showing a characteristic bordeaux colour under ambient light and
bluish—yellow emission under UV irradiation (365 nm), as summarised in Table 1 and Fig. S8.

Table 1 Absorption wavelengths A,ps (nm), maximum absorption wavelengths Aupsmax (NM), emission
wavelengths at excitation 485 nm 2., (nm), maximum emission wavelengths at excitation 485 nm
Aemmax (nm) and Stokes shifts Ad (cm~!) of PEI-3 and PEI-5 in various solvents.

Solvent  Au,y/nm Agbsmax/NM  Agn¥/nm Aemmax/NM  Ad/cm™?
AcOH 526, 491, 460 526 543, 582, 628 543 595
PEI-3 NMP 525, 490, 460 525 538,577, 628 538 460
DMF 524, 489, 460 524 537, 575, 628 537 462
DMAc 524, 489, 460 524 536, 575, 628 536 427
DMSO 526, 491, 460 526 539, 578, 628 539 458
AcOH 525,492, 460 525 540, 579, 631 540 529
PEI-5 NMP 525, 490, 460 525 537,575, 631 537 426
DMF 524, 489, 460 524 536, 575, 631 536 427
DMAc 524, 489, 460 524 535,575, 631 535 392
DMSO 526, 491, 460 526 538,577, 631 538 424

2 _exc=485 nm

3.3. Thermal stability of perylene cross-linked polyethyleneimine polymers

The thermal stability of the cross-linked polymers (PEI-3 and PEI-5) and their corresponding
polyethyleneimine precursors (2 and 4) was evaluated by thermogravimetric analysis (TGA) at
a heating rate of 10 °C min™" over the temperature range of 25-900 °C (Fig. 4). All samples
exhibit an initial weight loss below 130 °C, which is attributed to the removal of physically
adsorbed and chemically bound water. The pristine polyethyleneimines exhibit typical
thermal degradation behaviour, with PEI (2, 60 kDa) beginning to decompose at approximately
310 °C, accompanied by significant mass loss (~78%) and a negligible char residue (0.22%).
In contrast, the cross-linked polymer PEI-3 exhibits enhanced thermal resistance,
with decomposition initiating at around 270 °C and a more gradual mass loss (45%) over 270—

543 °C. This behaviour results in a slightly higher char yield (0.72%) than that of the unmodified
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Fig. 4 TGA curves of (a) PEI 60 kDa, (b) PEI-3, (c¢) PEI 25 kDa, and (d) PEI-5 recorded at a
heating rate of 10 °C min™" under nitrogen atmosphere.
polymer (2). For the lower-molecular-weight polyethyleneimine (4, 25 kDa), thermal
degradation begins at approximately 330 °C, with similar mass loss and char yields to those
of polyethyleneimine (2, 60 kDa). Notably, the corresponding cross-linked polymer PEI-5
shows improved thermal performance, with decomposition starting at 287 °C and a
significantly higher char yield (36.14%) at 950 °C. Moreover, PEI-5 maintains structural
integrity over a broader temperature range, indicating increased resistance to thermal
degradation. Overall, the cross-linked polymers exhibit greater thermal stability and char-
forming ability than their linear counterparts. The improved thermal behaviour is attributed to
the incorporation of rigid, m-conjugated perylene units and the formation of a cross-linked network, which
restricts chain mobility and promotes carbonaceous residue formation at elevated temperatures.
The higher char yield observed for PEI-5 compared to PEI-3 suggests differences in network
architecture and cross-linking density. This may be associated with reduced steric hindrance
and more efficient packing in PEI-5, thereby improving thermal stability.

These findings demonstrate the crucial role of m-conjugated cross-linking in enhancing
thermal stability and char formation, suggesting that these materials hold significant potential

for high-temperature and advanced energy storage applications.

17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00426a

Materials Advances Page 18 of 32

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

510  3.4. Morphological Characterisation 01 101030 eMAG aAsen
gi; The morphological, elemental, and structural properties of the polymer-based electrode coatings
513  deposited on graphite substrates were investigated using SEM, EDX, Raman spectroscopy, and
514  TEM (Figs. 5 and S9). SEM images (Figs. 5a and 5b) reveal clear morphological differences
515  between PEI-3 and PEI-5.

516 PEI-3 exhibits a more open, wrinkled, and void-rich morphology with interconnected surface
517  features, whereas PEI-5 shows a more compact and layered morphology with denser polymer
518  packing. Based on image-based SEM/TEM observations, PEI-3 contains larger and more
519 interconnected void-like regions, while PEI-5 displays smaller and less accessible
520 interparticle/interlayer spaces. Since gas adsorption-based BET surface area and pore-size
521  distribution measurements were not available, the morphology is discussed here in terms of
522 semi-quantitative image-derived structural features rather than quantitatively defined pore-size
523  distribution.

524 EDX analysis (Figs. 5S¢ and 5d) confirms that both materials are mainly composed of carbon,
525  nitrogen, and oxygen. The elemental composition of PEI-3 was determined as C 79.6 at%, N
526  12.7 at%, and O 7.7 at%, while PEI-5 exhibits C 78.1 at%, N 12.1 at%, and O 9.7 at%, indicating
527  comparable elemental compositions for both polymer networks.

528 The baseline-corrected Raman spectra (Figs. Se and 5f) further support the presence of the
529  perylene-based conjugated framework. PEI-3 displays characteristic bands at 1297, 1380, and
530 1576 cm™', while PEI-5 shows corresponding bands at 1293, 1377, and 1576 cm™. The bands
531 at 1380 cm™ for PEI-3 and 1377 cm™ for PEI-5 are assigned to D-like bands associated with
532  disordered aromatic/sp*> carbon domains and skeletal vibrations of the perylene-based
533  framework, whereas the band at 1576 cm™ corresponds to a G-like band related to aromatic sp?
534  C=C stretching vibrations. The additional bands at 1297 and 1293 cm™ are attributed to
535  perylene skeletal/C—N-related vibrational modes within the cross-linked polymer networks.
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538  Fig. 5 SEM images of (a) PEI-3 and (b) PEI-5, corresponding EDX spectra of (¢) PEI-3 and (d) PEI-
539 5, and baseline-corrected Raman spectra of (e) PEI-3 and (f) PEI-5. The Raman bands assigned to
540  perylene skeletal/C—N vibrations and D-like and G-like bands are indexed.

541

542 TEM images (Fig. S9) are consistent with the SEM observations. PEI-3 exhibits a heterogeneous,
543  relatively open network morphology with interconnected contrast variations and void-like regions,
544  suggesting improved electrolyte accessibility. In contrast, PEI-5 exhibits a more compact, layered
545  structure, consistent with a denser packing of the polymer network. These image-based

546  morphological differences help explain the electrochemical behaviour of the two materials: the more

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

547  open and ion-accessible morphology of PEI-3 favours electrolyte penetration and the utilisation of

548  redox-active sites, whereas the denser structure of PEI-5 may restrict ion diffusion but can provide

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

549  improved structural integrity and electronic connectivity.
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550

551

552 3.5. Electrochemical characterisation and supercapacitor (SC) performances of PEI-3
553  and PEI-5

554

555  The electrochemical investigations demonstrate that the cross-linking of perylene with

556  polyethyleneimine (PEI) significantly impacts both the charge-storage mechanism and the
557  overall electrochemical performance of the resultant hybrid material (Fig. 6). The condensation
558  reaction involving Perylene-3,4,9,10-tetracarboxylic dianhydride in conjunction with either
559  branched polyethyleneimine precursors leads to the formation of structures that exhibit varying
560  topological characteristics. The branched PEI-3 showed increased porosity, facilitating
561  enhanced hybrid ion diffusion. At the same time, the PEI-5 exhibited a higher cross-link density

562 and a more conjugated structure, resulting in superior electronic interconnectivity through
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563 effective n-n stacking of the perylene units. As illustrated in Fig. 6a and 6b, both matefials: "m0
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564  exhibited characteristics of electric double-layer capacitance and pseudo-capacitance in their
565  cyclic voltammetry (CV) profiles. The quasi-rectangular CV envelopes and the redox peaks
566  observed between 0.3 and 0.6 V (vs Ag/AgCl) indicate rapid Faradaic surface redox
567  reactions on the perylene-imide moieties.

568 These findings were further validated by the galvanostatic charge-discharge (GCD) curves
569  presented in Fig. 6¢ and d, which exhibited a nearly symmetrical triangular shape, minimal
570 IR drop, and excellent reversibility. The specific capacitance of PEI-3 was higher than that of
571  PEI-5, measuring 343.7 F g7 at 1 A g' compared to 185.2 F g™' for PEI-5 at the same low
572  current densities. As is typical with supercapacitor cells, the specific capacitance decreased
573  with increasing current density, dropping to 250.3 F g™! for polymer PEI-3 and 123.3 F g™! for
574  polymer PEI-5 at 6 A g™'. Notably, PEI-5 demonstrated greater capacitance retention during
575  high-rate cycling. In perylene-diimide-based conjugated systems, electrochemical performance
576  is widely reported to be closely related to charge delocalisation and intermolecular interactions
577  (Table S4). Specifically, the 2D conjugated structure of the perylene core supports rapid redox
578  kinetics by enabling more efficient charge transport along the molecular backbone and
579  intermolecularly. The more porous, ion-accessible morphology of PEI-3 enables electrolyte ions
580  to reach redox-active sites more readily, resulting in higher capacitive behaviour.

581 In contrast, the more compact and ordered structure of PEI-5 creates stronger stacking
582 interactions and more integrated charge-transport pathways, enhancing cycle and charge-
583  transfer stability. This behavior is consistent with previous studies reporting that charge transport
584  and redox activity in perylene-based conjugated polymers are controlled by both morphological
585  accessibility and electronic connectivity (Table S4). The observed stability in the system can be
586  attributed to its compact, cross-linked framework, which facilitates rapid ion movement and
587 efficient electron transport through a well-connected conjugated backbone. Further analysis of
588  capacitance contributions using Dunn's method corroborates this behaviour (Fig. 6e, f).
589  The charge-storage behavior of both PEI-3 and PEI-5 arises from the combined contribution of
590 electric double-layer capacitance (EDLC) and pseudocapacitance. The EDLC contribution
591  mainly arises from electrostatic ion adsorption/desorption at the porous electrode/electrolyte
592  interface, while the pseudocapacitive behaviour is associated with rapid, reversible faradaic
593  redox reactions at the perylene-imide moieties and nitrogen-containing functional groups within
594  the polymer backbone. The coexistence of quasi-rectangular CV profiles and broad redox peaks
595  confirms the hybrid charge-storage mechanism in both systems. In both examined systems, a
596 notable increase in the pseudocapacitive contribution was observed at higher scan rates,
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597  indicating a fast, surface-controlled charge-storage mechanism. Notably, S the  PEIASce e
598  consistently exhibited a greater pseudocapacitive contribution across all scan rates, indicating
599  enhancedutilisation of electroactive sites and superior charge-transfer dynamics. These findings
600  underscore the significance of minor structural variations in the amine precursor that influence
601  the interplay between the electric double-layer and Faradaic contributions. Although the
602  branched PEI-3 exhibits a higher charge-storage capacity due to its accessible redox-active
603  amines and porous architecture, the linear PEI-5 demonstrates improved rate capability
604 and cycling stability, owing to its densely integrated electronic perylene framework. To
605  evaluate the electrochemical kinetics in more detail, b-value analysis was performed (Fig. S10).
606  The calculated b-values were approximately 0.65 and 0.52 for the PEI-3 and PEI-5 electrodes,
607  respectively. The higher b-value obtained for PEI-3 indicates that the surface-controlled
608  capacitive contribution is more dominant in the charge storage mechanism and that charge
609 transfer kinetics are faster. In contrast, the b-value of approximately 0.52 for PEI-5 indicates that
610  diffusion-controlled processes more strongly influence the electrochemical behaviour. These
611  results support the idea that the porous, ion-accessible structure of PEI-3 enables more efficient
612  ion transport, whereas ion diffusion remains relatively limited in PEI-5 due to its more compact
613  morphology.

614 Further insight into the electrochemical behaviour of PEI-3 and PEI-5 is provided in Fig.7.
615 The CV and GCD profiles (Figs. 7a and 7b) reveal distinct charge-storage characteristics for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

616  the two materials. PEI-3 exhibits higher current response and longer discharge times, attributed
617  to its porous network structure, which enhances ion transport and utilises electroactive sites

618  more effectively. In contrast, PEI-5 displays more rectangular CV curves and highly

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

619  symmetric GCD profiles with a reduced IR drop, indicating improved charge—discharge

(cc)

620  kinetics and enhanced electronic conductivity. These observations suggest that the compact
621  and more interconnected structure of PEI-5 facilitates efficient electron transport.

622
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Fig. 6 Electrochemical performance of PEI-3 and PEI-5 electrodes: CV curves of (a) PEI-3 and (b)
PEI-5 recorded at scan rates of 50-500 mV s™'; GCD profiles of (c) PEI-3 and (d) PEI-5 measured at
different current densities; and capacitive contribution analysis of (¢) PEI-3 and (f) PEI-5 showing the
electric double-layer and pseudocapacitive contributions at different scan rates.
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Electrochemical impedance spectroscopy (EIS) analysis (Fig. 7c) further, elucidates - e

A

the interfacial properties of the electrodes. PEI-3 exhibits a smaller intercept in the high-
frequency region and a steeper slope in the low-frequency region, indicative of lower internal
resistance and more ideal capacitive behaviour. This is consistent with its porous morphology,
which promotes electrolyte penetration and efficient ion diffusion. In comparison, PEI-5 shows
a slightly higher overall impedance and a less pronounced slope, reflecting increased charge-
transfer resistance and reduced ion mobility due to its denser microstructure. Furthermore, the
EIS spectra were fitted using an equivalent circuit model comprising the solution resistance
(Rs), a constant phase element (CPE), the charge-transfer resistance (Rct), and a Warburg
diffusion element (W). The CPE was used instead of an ideal capacitor to account for the non-
ideal capacitive behavior arising from surface heterogeneity and porous electrode morphology.
The fitted results revealed that PEI-3 exhibited lower charge-transfer resistance and improved
ion-diffusion behavior compared to PEI-5, indicating more efficient electrolyte penetration and
faster interfacial charge-transfer kinetics. These findings are consistent with the CV and GCD
results and highlight the structure-dependent electrochemical behaviour of the materials. While
the porous architecture of PEI-3 favours ion transport and high capacitance, the more
compact structure of PEI-5 enhances electronic conductivity and structural stability.

The rate capability and cycling stability of the electrodes are summarised in Fig. 8. As
expected, both materials exhibit a decrease in specific capacitance with increasing current
density due to diffusion limitations at higher rates. However, PEI-3 consistently delivers
higher capacitance across all current densities, reflecting its enhanced ion accessibility and
higher electroactive site density.

Long-term cycling tests demonstrate that PEI-3 retains approximately 83% of its initial
capacitance after 6000 cycles, compared to 71% for PEI-5. This indicates that the open, porous
structure of PEI-3 more readily accommodates repeated ion insertion and extraction.

The differences in electrochemical performance can be rationalised on structural grounds.
PEI-3, with its more extended and porous architecture, provides a greater number of accessible
redox-active sites, resulting in enhanced pseudocapacitive behaviour. However, this structure
may introduce longer ion diffusion pathways at higher current densities. In contrast, PEI-5 forms
a more compact, densely cross-linked network, reducing steric hindrance and enhancing
structural integrity, thereby improving rate capability and cycling stability.

This behaviour is consistent with previous reports on perylene-based conjugated systems,
in which the balance among porosity, cross-linking density, and electronic connectivity plays

a critical role in determining electrochemical performance [43].
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Fig. 7 Comparative electrochemical behaviour of PEI-3 and PEI-5 electrodes: (a) CV curves
recorded at a scan rate of 300 mV s, (b) GCD curves measured at a current density of 2 A g77,
and (c) EIS Nyquist plots.
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Fig. 8 (a) Specific capacitance of PEI-3 and PEI-5 electrodes at different current densities; (b)
where the balance between porosity, cross-linking density, and electronic connectivity plays
arole in the cycling stability of PEI-3 and PEI-5 electrodes over 3000 charge-discharge cycles, and (c)
an equivalent circuit model to analyse the EIS response.

When the CV and GCD curves obtained at different potential windows are examined in Figure S11, it
is seen that the device largely maintains its electrochemical stability up to 1.7 V. At higher potential ranges,
distortions in the CV curves and significant deviations in the GCD curves appear, indicating the onset of
electrolyte degradation and side reactions. Therefore, the optimum operating potential range for the
symmetrical device has been determined as 0.0-1.7 V. Thanks to its semi-branched and porous structure,
the improved electrochemical performance of the PEI-3 electrode compared to PEI-5 was evaluated in

detail using a symmetrical supercapacitor device and its full cell performance (Figs. 9 and 10). The CV
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731  curves show that the curves largely maintain their semi-rectangular form and offer a WideD gg}glngg 56MAgoagg/i
732 throughout the scan rates of 50-500 mV s (Fig. 9a). Furthermore, the persistence of redox doping even at
733 high scan rates indicates that the perylene diimide centers in the PEI-3 structure actively participate in fast
734 and reversible faradaic reactions. The shape of the curves, especially at high scan rates, indicates that the
735  electrode's ion transport mechanism is largely pseudo-capacitive. The GCD curves obtained at different
736 current densities exhibit a highly symmetrical triangular profile and an IR drop of approximately 0.1 V
737  (Fig. 9b). This indicates that the device exhibits high reversibility and improved charge-transfer kinetics.
738  Furthermore, longer discharge times at lower current densities, such as during a high operating window of
739 1.8V, support the device's high charge storage capacity. The specific capacitance values of the symmetrical
740  device are given in Fig. 9c. The PEI-3-based device exhibits a specific capacitance of 107 F g! at a current
741  density of 1 A g, while the capacitance drops to 42.1 F g! when the current density increases to 5 A g-'.
742  This decrease can be attributed to the insufficient diffusion of electrolyte ions into the active sites at high
743 current densities. However, the device's ability to maintain significant capacitive behavior even at high
744  currents indicates that the structure is suitable for fast charge-discharge applications. Furthermore,
745  throughout the cyclic test, the Coulomb efficiency remained between 88% and 93%, demonstrating the
746  device's high reversibility and stable charge-discharge behaviour (Fig. S12). The Ragone plot reveals the
747  relationship between energy and power density of the device (Fig. 9d). Higher energy density is achieved
748  at lower power densities.

749 In contrast, energy density gradually decreases as power density increases. The PEI-3-based
750  symmetrical device delivered a maximum energy density of 43 Wh kg™! at a power density of 850.7 W
751  kg'! at a current density of 1 A g'!. This behaviour is typical of hybrid supercapacitor systems and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

752 demonstrates that the PEI-3-based device can provide both high energy storage capacity and fast power
753 output. The cycle stability plot shows that the PEI-3 symmetrical device retains 81% of its initial

754  capacitance after 4000 charge-discharge cycles (Fig. 9e). The limited capacitance loss indicates that the

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

755  porous, ion-accessible structure of PEI-3 maintains its structural integrity over long cycles. This

(cc)

756  demonstrates that the electrode structure is resistant to repeated ion input-output processes (Figs. 9 and

757 10).
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Fig. 9 Electrochemical performance of the PEI-3 symmetric supercapacitor device: (a) CV
curves recorded at scan rates of 50-500 mV s™', (b) GCD profiles measured at different current
densities, (c) specific capacitance as a function of current density, (d) Ragone plot, (e) cycling
stability over 4000 charge—discharge cycles, and (f) EIS Nyquist plots recorded before and after
the cycling stability test.

Fig. 10 Photograph of the assembled PEI-3 symmetric supercapacitor device used for
electrochemical testing.

Finally, the EIS Nyquist curves show changes in electrochemical resistance before and
after the cycle (Fig. 9f). Although a slight increase in resistance is observed in the post-cycle

curves, the capacitive behaviour in the low-frequency region is largely preserved. This result
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774 demonstrates that no significant degradation occurs at the electrode/electrolyte nterfage: /v °rne
775  even after prolonged cycling, and the device maintains its electrochemical stability.

776 Overall, the PEI-3-based symmetrical supercapacitor device stands out as a promising

777  energy storage system with its high capacitance, good cycling stability, and satisfactory

778  energy-to-power performance.

779

780 4. Conclusion

781  In this study, two novel PEl-perylene polymer networks, PEI-3 and PEI-5, were
782  successfully synthesised via imidization of branched polyethyleneimine with perylene-
783  3,4,9,10-tetracarboxylic dianhydride. To the best of our knowledge, this is the first report of
784  the use of perylene dianhydride as a n-conjugated cross-linking agent for PEI-based polymer
785  networks. This strategy enables the integration of nitrogen-rich PEI segments with redox-

786  active, m-conjugated perylene units within an insoluble, cross-linked architecture.

787 Spectroscopic and surface analyses confirmed the successful incorporation of perylene
788  units and the formation of imide-linked polymer networks. The disappearance of anhydride-
789  related FTIR bands, the appearance of imide absorptions, the perylene aromatic resonance
790  in the '"H NMR spectra, and the C Is, N 1s, and O 1s XPS signals collectively support the

791  proposed PEIl-perylene network structure. The materials also exhibited reduced water

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

792 solubility, characteristic perylene-based optical behavior, and improved thermal stability

793  compared with the parent PEI precursors. Electrochemical measurements demonstrated that

Open Access Article. Published on 08 June 2026. Downloaded on 6/14/2026 3:36:59 PM.

794  polymer architecture strongly influences charge-storage behavior. PEI-3 exhibited higher

(cc)

795  specific capacitance and better capacitance retention than PEI-5 over 3000 charge—discharge
796  cycles, which is attributed to its more open, ion-accessible morphology. PEI-5, on the other
797  hand, displayed greater thermal robustness and a more compact network structure,
798  suggesting that the lower-molecular-weight PEI precursor promotes denser packing and
799  improved structural integrity, although this compact morphology limits ion accessibility and
800  reduces capacitance. Importantly, the PEI-3 symmetric supercapacitor device delivered a
801  specific capacitance of 107 F g™' at 1 A g™', a maximum energy density of 43 Wh kg ™' ata
802  power density of 850.7 W kg™, and retained 81% of its initial capacitance after 4000 cycles.
803  The EIS results recorded before and after cycling further indicate that the capacitive

804  behaviour is largely preserved, despite a slight increase in resistance.
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Overall, this work establishes perylene dianhydride cross-linking as a promising
molecular design strategy for developing nitrogen-rich, redox-active, metal-free polymer
networks. These findings offer valuable insight into the design of m-conjugated organic

electrode materials for advanced supercapacitor applications.
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